The association between dialysate calcium (DCa) concentration and mortality in hemodialysis (HD) patients is controversial. In this study, we evaluated the impact of DCa concentration on mortality in incident HD patient.
INTRODUCTION
A bnormal bone and mineral metabolism are highly prevalent and are associated with mortality in patients with end-stage renal disease (ESRD). [1] [2] [3] Abnormal bone and mineral metabolism can potentially be modified by the prescription of phosphate binders, active vitamin D compounds, and calcimimetics, and by controlling the dialysate calcium (DCa) concentration. And, such modifications may be associated with improvement of mortality in hemodialysis (HD) patients.
Although current guidelines recommended a DCa either 2.5 mEq/L or between 2.5 and 3.0 mEq/L, 4-7 a wide variation in prescribed DCa concentration actually exists among different countries. 2, [8] [9] [10] Moreover, the association between DCa concentration and mortality is controversial. 11 The Dialysis Outcome Practice Pattern Study (DOPPS) showed that a higher DCa was associated with significantly increased all-cause mortality. 2 However, the Association Régionale des Néphrologues OStéodystrophie database (ARNOS) Frenchh cohort demonstrated that high DCa (3.5 mEq/L) was not associated with increased mortality compared to low DCa (2.5 mEq/L). 8 Furthermore, another study reported that very low DCa <2.5 mEq/L was associated with an increased risk of sudden cardiac arrest. 12 Differences in the study design or study populations may contribute to this discrepancy. Most of the previous studies included patients with prevalent HD, which may cause early mortality bias (so-called selection of survivors) and a carryover effect of previous exposure to dialysate with various ranges of calcium concentration. Therefore, in this study, we included only patients with incident HD and investigated the impact of DCa concentration on mortality.
The aim of this study was to determine the association between DCa concentration and mortality in the incident HD population in the Clinical Research Center (CRC) registry for ESRD, a prospective cohort study on dialysis patients in Korea.
METHODS

Study Population
All patients in this study participated in the CRC registry for ESRD. This is an ongoing observational prospective cohort study in patients with ESRD from 31 centers in Korea. The cohort started in April 2009 and was followed up to July 2014. This study included adult (>18 years of age) dialysis patients. A total of 1517 incident patients undergoing HD were enrolled in this cohort from April 2009 to May 2014. Enrollment was done at the time of initiation of dialysis. After exclusion of patients for whom information about the dialysis calcium concentration was not available (n ¼ 335), 1182 patients with incident HD were included in the final analysis.
Demographic data and clinical data were collected at enrollment. Assessment of dialysis characteristics and measurements of health were performed every 6 months until follow-up was complete. Dates and causes of mortality were reported throughout the follow-up period.
Clinical and Dialysis Parameters
In the CRC for ESRD study, baseline demographic and clinical data including age, sex, height, weight, body mass index (BMI), causes of ESRD, comorbidity, laboratory investigations, and therapeutic characteristics were recorded. Cardiovascular disease was defined as presence of one or more of the coronary heart disease, congestive heart failure, peripheral vascular disease, and cerebrovascular disease. Serum hemoglobin, serum albumin, serum creatinine, blood urea nitrogen, serum potassium, serum total cholesterol, serum calcium, serum phosphorous, high-sensitivity C-reactive protein (hsCRP) and serum intact-parathyroid hormone (iPTH) were measured. The estimated glomerular filtration rate (eGFR) was calculated at the time of dialysis initiation using the Modification of Diet in Renal Disease 4-variable equation
Serum calcium levels were measured by using the chromophore 5-nitro-5 0 -methyl-(1,2-bis(o-aminophenoxy)ethan-N,N,N 0 ,N 0 -tetraacetic acid (NM-BAPTA), and serum phosphorus levels were measured using Roche modular P analyzer. The corrected calcium was calculated using the following equation: corrected calcium (mg/dL) ¼ 0.8 Â (4-serum albumin level [g/L]) þ serum calcium (mg/dL). The single-pool Kt/V (spKt/V) was determined by a 2-point urea modeling based on the intradialytic reduction in blood urea and intradialytic weight loss. The composition of the dialysate that was prescribed at the day of enrollment was recorded. Detailed data on medication, such as calcium-containing or noncalcium-containing phosphate binders, active vitamin D compounds, calcimimetics, angiotensin-converting enzyme inhibitor (ACEi), and angiotensin receptor blocker (ARB), were recorded in the clinical database.
For analysis of the effect of DCa concentration on mortality, the patients were categorized into 3 groups according to the postdiluted DCa concentration: high DCa was defined as a concentration of 3.5 mEq/L, mid-DCa as 3.0 mEq/L, and low DCa as 2.5 to 2.6 mEq/L.
Outcomes
The primary outcome of this study was all-cause mortality and the secondary outcome was cardiovascular and infectionrelated hospitalization. For each death and hospitalization, the clinical center principal investigator completed a form that included cause of death and hospitalization according to the CRC for ESRD study classification.
Statistical Analyses
Data with continuous variables and normal distribution are presented as mean AE SD, and those without normal distribution are presented as the median with ranges, as appropriate for the type of variable. The Student t test, Mann-Whitney U test, oneway analysis of variance (ANOVA), or Kruskal-Wallis test were used as appropriate to determine the significance of differences among continuous variables. Categorical variables are presented as percentages. The Pearson chi-square test or Fisher exact test were used to analyze the differences among categorical variables.
Since patients in this study were not randomly assigned to high, mid, or low DCa, we used the propensity score to reduce potential confounding and selection biases. Propensity scores were calculated using multivariate logistic regression to estimated probability of using high DCa versus mid or low DCa. The covariates of age, sex, BMI, diabetes mellitus, cardiovascular disease, serum levels of hemoglobin, albumin, albumincorrected calcium, and phosphorus were included in the propensity score model. Propensity scores were then used to match patients with high DCa to patients with mid and low DCa using a greedy nearest-neighbor matching algorithm. Patients without a corresponding match were excluded. We analyzed all available data without imputation of missing values. Propensity score matching was performed with SAS (version 9.2, SAS Inc., Cary, NC).
Absolute mortality rates were calculated per 100 personyears of follow-up. The primary outcome was all-cause mortality. All patients were followed until death (event) or the end of the study, with censoring of data at the time that a patient underwent renal transplantation or was lost to follow-up because of refusal of further participation or transfer to a nonparticipating hospital. The survival curves were estimated by the Kaplan-Meier method and compared by the log-rank test among low, mid, and high DCa groups. The Cox proportionalhazard regression model was used to calculate hazard ratio (HR) with 95% confidence interval (CI) for all-cause mortality. The Cox models were adjusted for significant or nearly significant (P < 0.1) predictor for all-cause mortality in univariate Cox regression analysis including age, cardiovascular diseases, BMI, diastolic blood pressure (BP), eGFR, serum levels of albumin, albumin-corrected serum calcium, phosphorus and intact PTH, the use of calcitriol or vitamin D analogs, the use of calcium-containing phosphate binder, and types of vascular access. We checked the relevant interactions between the variables such as those between serum albumin and albumin-corrected calcium, and no interaction between them were seen. A linear mixed model was used to compare the impact on the albumin-corrected serum calcium levels, serum phosphorus levels, and serum-intact PTH levels over time after initiation of HD, using the mid-DCa as the reference category. A value of P < 0.05 was considered as statistically significant. All statistical analyses were performed using the SPSS 11.5 software (Chicago, IL).
RESULTS
Patients Characteristics
Of the 1182 incident HD patients, 25.3 % (299 patients) were in the low DCa group, 59.3% (701 patients) were in the mid-DCa group, and 15.4% (182 patients) were in the high DCa group. Table 1 shows the baseline characteristics of participants. There were no significant differences in age, sex, and BMI among the groups with low DCa, mid-DCa, and high DCa.
There was a significant difference in the prevalence of the comorbidities among the groups. The low DCa group had higher prevalence of diabetes mellitus and cardiovascular disease compared with the other groups. The main causes of ESRD were diabetes mellitus (55.8 %) and glomerulonephritis (11.5%). Diabetes mellitus as a primary cause of ESRD was more prevalent in the low DCa group (62.2%). There was no significant difference in mean HD treatment time and systolic BP among the groups. The mid-DCa group had lower diastolic BP and eGFR at the commencing of HD compared with the other groups. The low DCa group had lower serum albumin levels. Serum levels of albumin-corrected and uncorrected calcium were higher in the low DCa group, compared with the groups with mid-DCa and high DCa. There were no significant differences among the 3 groups in the levels of serum hemoglobin, serum creatinine, serum total cholesterol, serum triglyceride, serum low-density lipoprotein cholesterol (LDL-C), serum phosphorus, hsCRP, and serum iPTH. There was no difference in the use of calcitriol or vitamin D analogs, the use of ACEi or ARB, and calcium-containing phosphorus binder at the time of enrollment among the 3 groups. The use of noncalcium-containing phosphorus binder in the low DCa group is lower than in the mid-DCa and high DCa group. Calcimimetics were not used in patients in this study. The use of arteriovenous fistula as vascular access was more prevalent in the high DCa group. There were no significant differences in spKt/V among the groups.
Effect of Dialysate Calcium Concentration on All-cause Mortality
The median follow-up period was 16 months (interquartile range 5-32 months) in the whole cohort. The median follow-up period in each group was 17 months (interquartile range 7-29 months) in the low DCa group, 15 months (interquartile range 5-32 months) in the mid-DCa group, and 19 months (interquartile range 4-39 months) in the high DCa group. There was no difference in the follow-up period among the 3 groups (P ¼ 0.22). During the follow-up period, 446 patients left the study for reasons other than death. The reasons for censoring included kidney transplantation (n ¼ 53), transfer to a nonparticipating hospital (n ¼ 221), refusal of further participation (n ¼ 76), and others (n ¼ 96). There were 93 deaths during the follow-up period. The leading causes of death were cardiovascular diseases (34 deaths, 36.6% of all deaths) and infectious diseases (26 deaths, 28.0% of all deaths). Table 2 shows the causes of deaths in each group. There was no significant difference in the causes of death among the 3 groups (P ¼ 0.14). The absolute mortality during the follow-up period was 4.8 deaths per 100 person-years. Figure 1 shows the Kaplan-Meier plot of patient survival according to the DCa group. As shown, survival was decreased in patients in the high DCa group compared with those in the low DCa group and mid-DCa group (P ¼ 0.007 by log-rank test). Table 3 shows the univariate Cox regression analysis for mortality. In univariate Cox proportional-hazard models, age, BMI, diabetes mellitus, cardiovascular disease, serum albumin level, serum iPTH level, albumin-corrected serum calcium levels, serum phosphorus levels, the use of calcium-containing phosphorus binder, and type of vascular access and high DCa were associated with all-cause mortality. Table 4 shows the univariate and multivariate Cox regression analysis of mortality according to DCa concentrations. In univariate analysis, the HR for all-cause mortality of the high DCa group was 2.15 (95% CI 1.19-3.87, P ¼ 0.011) using the low DCa group as the reference category and 1.98 (95% CI 1.23-3.18, P ¼ 0.005) using the mid-DCa group as the reference category. There was no significant difference in all-cause mortality between the low DCa group and the mid-DCa group (HR 1.09, 95% CI 0.64-1.85, P ¼ 0.76). In multivariate analysis, the high DCa group had independently significant association with increased all-cause mortality compared with the low DCa group (HR 3.67, 95% CI 1.78-7.55, P < 0.001) and compared with the mid-DCa group (HR 2.23, 95% CI 1.28-3.90, P ¼ 0.005) after adjusting for age, BMI, diastolic BP, diabetes mellitus, cardiovascular disease, eGFR, albumin-corrected serum calcium levels, serum phosphorus level, serum albumin levels, serum iPTH levels, the use of calcitriol or vitamin D analogs, the use of calcium-containing phosphorus binder, and types of vascular access. There was no significant difference in all-cause mortality between the low DCa group and the mid-DCa group after adjustment for the potential confounders (HR 1.64, 95% CI 0.85-3.16, P ¼ 0.14). Note: Values for continuous variables given as means AE standard deviation and variables not normally distributed given as median and interquartile range; values for categorical variables given as numbers (percentages). ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; DCa, dialysate calcium concentration; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; hsCRP, high-sensitivity C-reactive protein; K, dialyzer clearance; LDL, low-density lipoprotein; spKt/V, single-pool Kt/V; t ¼ time; V, volume of water a patient's body contains. Of the 1182 patients, 163 patients in the high DCa group were matched with 163 patients in the mid-DCa group and the low DCa group. Following propensity score matching, the 3 groups were well matched and no significant differences in demographic characteristics or underlying diseases were observed among the 3 groups (Table 5 ). In the propensity score-matched analysis, the high DCa group had a significantly higher risk of all-cause mortality compared with the low DCa group (HR 4.25, 95% CI 1.64-11.03, P ¼ 0.003) and compared to the mid-DCa group (HR 2.52, 95% CI 1.04-6.07, P ¼ 0.04) after adjustment for age, BMI, diastolic BP, diabetes mellitus, cardiovascular disease, eGFR, albumin-corrected serum calcium levels, serum phosphorus level, serum albumin levels, serum iPTH levels, the use of calcitriol or vitamin D analogs, the use of calcium-containing phosphorus binder, and types of vascular access ( Table 4 ).
Effect of Dialysate Calcium Concentration on Cardiovascular and Infection-related Hospitalization
We investigated the impact of DCa concentration on cardiovascular and infection-related hospitalization. Table 6 shows the distribution of causative diseases in patients with cardiovascular and infection-related hospitalization during the follow-up period. Ischemic heart disease and congestive heart failure were common causes of cardiovascular hospitalization, and respiratory infection was the most common cause of infection-related hospitalization. Figures 2 and 3 show the Kaplan-Meier plot of cardiovascular and infectionrelated hospitalization according to the DCa concentration. The log-rank test showed cardiovascular and infectionrelated hospitalization rates were significantly increased in the high DCa group (P ¼ 0.017 and 0.018, respectively). Table 7 shows the univariate and multivariate Cox regression analysis for cardiovascular and infection-related hospitalization. In the crude model, the HRs for cardiovascular and infection-related hospitalization of the high DCa group were 2.53 (95% CI 1.32-4.85, P ¼ 0.005) and 2.41 (95% CI 1.25-4.66, P ¼ 0.009), using the low DCa group as the reference category. In multivariate Cox regression analysis, the high DCa group was associated with higher risk of cardiovascular and infection-related hospitalization compared with the low DCa group (HR 3.25, 95% CI 1.53-6.89, P ¼ 0.002; and HR 2.77, 95% CI 1.29-5.94, P ¼ 0.009, respectively). There was no significant difference in cardiovascular and infectionrelated hospitalization between high DCa group and the mid-DCa group. 
Changes in Serum Levels of Calcium, Phosphorus, and iPTH Over Time
The changes of serum levels of calcium, phosphorus, and iPTH over time among DCa groups may influence mortality and morbidity. Therefore, we determined whether baseline DCa affects the change of serum levels of calcium, phosphorus, and iPTH over time after initiation of HD. Table 8 shows that there is significant effect of DCa on changes of serum iPTH levels over time (P ¼ 0.022 for time-DCa interaction). However, there was no significant effect of DCa on change of serum calcium levels (P ¼ 0.34 for time-DCa interaction) and serum phosphorus levels over time (P ¼ 0.94 for time-DCa interaction).
DISCUSSION
In this multicenter prospective observational study, we showed that high DCa concentration was associated with increased all-cause mortality, compared with mid and low DCa concentrations in the whole study cohort, and also propensity score-matched cohort. Furthermore, high DCa concentration had higher risk of cardiovascular and infection-related hospitalization.
These findings are consistent with those of the DOPPS 2 and Hsu et al's 13 study, but not with those of the regional ARNOS French cohort. 8 The strength of our study compared with previous studies is that only incident HD patients were included. Previous studies included either only prevalent HD patients or both incident and prevalent HD patients. 2, 8, 13 Through the enrollment of only incident HD patients, our study could avoid early mortality bias and carryover effects of previous exposure to dialysates with various ranges of calcium concentration.
The exact mechanisms underlying the association between mortality and high DCa are unclear. However, a plausible explanation is that a positive calcium balance (increased calcium load) resulting from a high DCa may contribute to increased mortality. Dialysis calcium balance, defined as dialysis calcium mass transfer from and toward the dialysate fluid during the dialysis treatment, is mainly determined by the gradient between the dialysate and serum calcium concentrations and the ultrafiltration volume. 11, 14 It is generally accepted that dialysis calcium balance is consistently positive when a DCa concentration is at least 3.0 mEq/L. [14] [15] [16] [17] In this study, DCa concentration did not influence the change of serum levels of calcium and phosphorus over time. Therefore, it may be assumed that increased mortality and morbidity in the high DCa group was not related to changes in serum calcium and phosphorus levels over time (Table 8 ). Repeated exposure to increased calcium load has been associated with arterial calcification and stiffness. 18, 19 Arterial calcification and stiffness are consistently linked to an increased risk of mortality in HD patients. 20, 21 Thus, it may be postulated that the transient increase of serum calcium level just after each HD session in the high DCa group may result in arterial calcification and stiffness, which may contribute to increased mortality and morbidity. Interestingly, high DCa excessively decreases serum iPTH levels compared with mid-DCa or low DCa in this study. In consideration that very low iPTH levels are associated with increased risk of vascular calcification and mortality, 22 excessive decrease of serum iPTH levels may also contribute to higher risk of mortality and morbidity. Further study is needed to clarify the influence of high DCa on vascular calcification as an explanation for the association between high DCa and mortality. Additionally, increased calcium load is associated with accelerated apoptosis, impaired phagocytic function, and an attenuated oxidative burst in blood neutrophils, which may contribute to the increased incidence of infection-related complications and mortality in dialysis patients. 23, 24 In our study, high DCa concentration was associated with higher risk of infection-related hospitalization.
Another interesting finding of our study is that there was no significant difference in all-cause mortality and infectionrelated hospitalization between the low DCa and mid-DCa groups. But, mid-DCa concentration was associated with higher risk of cardiovascular hospitalization compared with low DCa concentration. The prescription of mid-DCa or low DCa varies widely among different countries. In general, low DCa is predominantly used in the United States and mid-DCa is predominantly used in the European countries and Japan. 2, 9, 12 In our study, HD using mid-DCa was more prevalent than HD using low DCa (65.6% vs. 17.6 %, respectively).
Kidney Disease Outcomes Quality Initiative (K/DOQI) guidelines have offered an opinion-based recommendation of low DCa as a means to maintain neutral calcium balance and prevent vascular calcification. 4 However, there are few data comparing mortality between low DCa and mid-DCa, and it is not clear which type of DCa is more beneficial for survival.
DOPPS showed that lower DCa had survival benefit. 2 However, The Japan dialysis outcomes and practice patterns study (J-DOPPS) reported that the all-cause mortality risk was higher with low DCa than with mid-DCa, although it was significant. 9 Furthermore, Pun et al 12 recently reported that very low DCa (DCa <2.5 mEq/L) is associated with increased risk of sudden cardiac arrest. Our findings suggest that low DCa and mid-DCa have equivalent impact on all-cause mortality. Considering this controversy, the prescription of DCa might depend on the specific conditions of individual patients rather than fixing one single type of DCa.
Therapeutic regimens such as calcium-containing phosphate binder, noncalcium-containing phosphate binder, and calcitriol or vitamin D analogs may affect a patient's calcium Note: Values for continuous variables given as means AE standard deviation and variables not normally distributed given as median and interquartile range; values for categorical variables given as numbers (percentages). ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; DCa, dialysate calcium concentration; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; hsCRP, high-sensitivity C-reactive protein; K, dialyzer clearance; LDL, low-density lipoprotein; spKt/V, single-pool Kt/V; t, time; V, volume of water a patient's body contains. mass balance and mortality in patients with HD treatment. 25 In our study, at the time of enrollment, there was no difference in the use of calcium-containing phosphate binder or calcitriol or vitamin D analogs among the groups ( Table 1 ). The use of noncalcium-containing phosphate binder was more prevalent in the mid-DCa group and high DCa group than in the low DCa. When these regimens were adjusted in our study, the mortality among the low DCa, mid-DCa, and high DCa groups still remained (Table 4 ). Therefore, we cautiously considered that baseline prescription of regimens may not influence the association between DCa and mortality. However, these interpretations may be limited because of the lack of data for the change of prescription of the regimens.
Our study has some potential limitations. First, the design of our study was not a randomized, controlled study. In this study, patients were prescribed DCa concentrations according to the treatment policy of each center and the preference of treating physician, which may influence the results of our study. To evaluate the ''center effect,'' we compared all-cause mortality with and without adjusting for center. No significant center effect on all-cause mortality was observed (data not shown), which suggests that the center effect was not significant in this study. We performed a complementary analysis by propensity score methods to reduce potential confounding and selection biases. In the study of propensity score-matched cohort, the high DCa group had a significantly higher risk of allcause mortality compared with the mid-DCa group and the low DCa group, which was consistent with the result of the unmatched cohort. Second, despite the multicenter nature of the study, the cohort consisted of only Korean patients and all were Asian. Thus, it is uncertain whether our results can be generalized to other ethnic groups. Third, data on vascular calcification, bone turnover markers, ionized calcium level, overall calcium balance, and vitamin D level, which may be helpful for investigating the mechanism for the association between DCa and mortality, were not available in this study. Fourth, data for the changes in DCa prescription in each dialysis center were not available. The lack of an accurate reflection of changing therapeutic practice on DCa prescription may be criticized. However, most dialysis centers have used a fixed DCa concentration, and most patients have been prescribed a fixed DCa concentration for a long time. 8, 26 In conclusion, our study demonstrated that HD using high DCa is independently associated with increased all-cause mortality compared with HD using low DCa or mid-DCa, and there was no significant difference in all-cause mortality between low DCa and mid-DCa in incident HD patients.
Although the prescription of DCa should be individualized to meet the specific condition of HD patients, our findings cautiously suggest that careful attention is necessary in the use of high DCa and efforts to reduce the overuse of high DCa may be helpful to decrease mortality.
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